Background and PurposezzTumors involving the cerebellopontine angle (CPA) pose a diagnostic challenge due to their diverse manifestations. Head impulse tests (HITs) have been used to evaluate vestibular function, but few studies have explored the head impulse gain of the vestibulo-ocular reflex (VOR) in patients with a vestibular schwannoma. This study tested whether the head impulse gain of the VOR is an indicator of the size of a unilateral CPA tumor.
INTRODUCTION
Head impulse tests (HITs) can evaluate the vestibulo-ocular reflex (VOR) elicited by highvelocity and high-acceleration stimuli. 1 The findings of HITs are typically abnormal during head rotation toward the lesion side in the presence of peripheral vestibulopathy, 1,2 but are mostly normal in central vestibular disorders. 3, 4 However, HIT findings may be abnormal bilaterally in unilateral lesions involving the vestibular nucleus or cerebellar flocculus. 3, 5 Tumors involving the cerebellopontine angle (CPA) pose a diagnostic challenge due to their diverse manifestations. 6, 7 Various tests have been used to evaluate the audiovestibular function in the presence of a CPA tumor, including vestibular schwannomas. 8, 9 Even though HITs have been used to evaluate vestibular function in various peripheral and central disorders involving the vestibular system, [10] [11] [12] few studies have explored the head impulse gain of the VOR in patients with a vestibular schwannoma. 9, 13, 14 A previous study found that the VOR gains decreased during ipsilesional HITs, and that there was a correlation between the gain and tumor size in vestibular schwannoma. 9 The present study was 
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prompted by a serendipitous observation of bilaterally positive HIT findings in a patient with chronic dizziness and imbalance that were due to a large CPA tumor compressing the cerebellum and brainstem. The tested hypothesis was that large CPA tumors compressing the cerebellum and brainstem can cause abnormal HIT findings in both directions, while small tumors that do not impinge on the cerebellum or brainstem would be associated with abnormal HIT findings (if any) only on the lesion side. Confirmation of this hypothesis would mean that HIT findings may be a useful biologic marker for the size of CPA tumors, and hence also for managing these patients.
METHODS Subjects
From 2013 to 2015, 33 patients with a unilateral CPA tumor confirmed by brain MRI were initially recruited. After excluding five patients who had received gamma-knife surgery before the evaluation (n=4) or with a previous history of otologic dysfunction (n=1), 28 patients (21 women; age=64±12 years, mean±SD) were finally included in this study. The radiological diagnoses included vestibular schwannoma in 21 patients, meningioma in 6, and metastasis in the remaining patient. Four patients underwent surgical resection of the tumor after the evaluation, which resulted in a pathologic confirmation of vestibular schwannoma.
Bedside neurotologic examination
All of the patients were evaluated for spontaneous and gazeevoked nystagmus (GEN) with fixation. Spontaneous nystagmus without visual fixation was also observed on a monitor without fixation using video Frenzel goggles (SLMED, Seoul, Korea). 15 Bedside HITs were performed manually by rapidly rotating the head by ~20° in the planes of six semicircular canals (SCCs). HIT findings were considered abnormal if a corrective saccade supplemented the inadequate slow phase in the plane of the SCC that was stimulated. 
Recording of HITs
Head and eye movements were also quantified during HITs using a magnetic search coil technique in a 70-cm cubic search coil frame (Skalar, Delft, The Netherlands). 16 A scleral annulus ring (CHRONOS VISION, Berlin, Germany) was placed on the subject's left eye after anesthetizing the conjunctiva with 0.5% proparacaine hydrochloride (Alcon, Seoul, Korea). A second coil was fixed at the center of the forehead. The eye and head positions were calibrated using a gimbal that could be rotated independently around the three orthogonal axes. In addition to in vitro calibration using the gimbal system, we also used horizontal and vertical fixation spots (deviating from the center by 10° in all directions) for in vivo eye calibration. The patients were instructed to fixate on a red target placed 1.2 m in front of them. Each head impulse was a passive, unpredictable, low-amplitude, and high-acceleration head rotation in the plane of the horizontal semicircular canal (HC), left anterior semicircular canal (AC), right posterior semicircular canal (PC), right AC, or left PC while the patient sat upright. 17 Eye and head position signals were digitized at 200 Hz using an analog-todigital converter (EZAD, Seoul, Korea) and were displayed on a computer screen to allow the eye motion to be monitored in real time during the tests. Digitized data were analyzed using MATLAB software (version R2011b, The MathWorks, Natick, MA, USA). 16 At least seven impulses were delivered in each direction. The VOR gains were measured for individual trials as the ratio of the mean eye velocity divided by the mean head velocity during a 40-ms window centered at the time of peak head acceleration. 18, 19 Reference data were obtained from 20 healthy subjects (14 women; age=44±12 years, age range= 24-66 years) with no history of vestibular or neurologic disorders. We defined abnormal HIT findings when the mean VOR gain was less than the mean minus 2 SDs of the control data (i.e., <0.70 for the HC, <0.70 for the AC, and <0.74 for the PC).
MRI and tumor grading
The CPA tumors were graded according to the Hannover classification 20 as follows: T1, purely intrameatal; T2, intraextrameatal; T3, filling the cerebellopontine cistern or reaching the brainstem; and T4, compressing the brainstem or severely dislodging the brainstem and compressing the fourth ventricle. We also measured the tumor size according to the maximum diameter on T1-weighted axial or coronal images. The grading and measurements of tumor size were conducted by a neurosurgeon who was blinded to the results of the vestibular function tests.
Other neurotologic tests
Patients also underwent video-oculographic recording of eye movements, bithermal caloric tests, audiometry, and recording of the cervical and ocular vestibular-evoked myogenic potentials (VEMPs) and brainstem auditory evoked potentials (BAEP). Detailed descriptions of the protocols for these tests are available elsewhere. 8, 21, 22 
Statistical analyses
Data from all patients were recoded in terms of ipsilesional and contralesional responses according to the side of the CPA JCN tumor as determined by MRI. The t-test was used to compare the VOR gain during HITs for each SCC, the tumor size between the compressing and non-compressing groups, and patients with bilaterally abnormal HIT findings and those with unilaterally abnormal or normal HIT findings. The chi-square test was used to compare abnormalities in other neurotologic tests between the groups of bilaterally abnormal HITs and unilaterally abnormal or normal HITs. The correlation between the head impulse VOR gain and tumor size was determined using Pearson correlation. All of the tests were performed using SPSS statistical software (version 20.0, SPSS, Chicago, IL, USA), and a probability value p<0.05 was considered indicative of statistical significance.
Standard protocol approval and patient consents
All of the experiments followed the tenets of the Declaration of Helsinki, and this study was approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB No. B-1112/141-003). All of the included subjects provided written informed consent.
RESULTS

Clinical features
Most of the patients (24/28, 86%) received the initial evaluation primarily due to dizziness or imbalance, and 15 of them also reported auditory symptoms that included hearing loss (n=7) or tinnitus (n=11). However, 16 of 24 them showed unilateral hearing loss of more than 26 dB. Two of the remaining eight patients showed asymmetric high-frequency hearing loss, one showed asymmetric low-frequency hearing loss, and only five patients had a normal audiogram: four with nonvestibular symptoms including headache and one with hemifacial spasm. The duration of symptoms varied from 2 weeks to 10 years (median=4 months, interquartile range=1-12 months).
Fifteen patients were classified into the compressing group (T4), while 13 were assigned to the non-compressing group (T1-T3). The maximum tumor diameter across all patients ranged from 0.2 cm to 5.4 cm (2.3±1.5 cm; median=2.8 cm, interquartile range=0.8-3.3 cm). The tumor was larger in the compressing group than the non-compressing group (3.6± 0.7 cm vs. 0.9±0.7 cm, t-test: p<0.001).
HIT findings
HIT findings were abnormal for at least 1 SCC in 23 (23/28, 82%) patients. All 15 patients in the compressing group showed abnormal HIT findings either only to the lesion side (n=3, 20%) or in both directions (n=12, 80%). In contrast, only 8 (62%) of the 13 patients in the non-compressing group showed abnormal HIT findings to the lesion side only (n=7, 54%) or in both directions (n=1, 8%), while the remaining 5 (38%) patients showed normal HIT findings bilaterally ( Table 1) .
The bilateral abnormality in HIT findings was more common in the compressing group than the non-compressing group (80% vs. 8%, Pearson's chi-square test: p<0.001) (Fig.  1) . Moreover, the head impulse VOR gains for all six SCCs were significantly lower in the compressing group than the non-compressing group (t-test: p<0.05) (Fig. 2) . The patients with bilaterally abnormal HIT findings showed head impulse VOR gains for all SCCs that were significantly lower than those observed in patients with normal or only ipsilesionally abnormal HIT findings (t-test: p<0.01). The tumor size was inversely correlated with the head impulse VOR gain for all SCCs except the contralesional AC (Fig. 3) .
Correlation between the abnormality in HITs and other neurotologic findings
Other neurotologic findings included contralesional spontaneous nystagmus ( (Fig. 4) .
Description of the index case (patient 1)
A 62-year-old woman presented with dizziness and unsteadiness that had first appeared 1 year previously. Her unsteadiness worsened when walking up or down the stairs. She had suffered from severe vertigo and left-side hearing loss 8 months previously, and had a diagnosis of labyrinthitis from another hospital.
An examination revealed small right-beating spontaneous nystagmus with a clockwise torsional component both with and without fixation (Supplementary Video 1 in the onlineonly Data Supplement). GEN was evident in both lateral gazes, with rebound nystagmus upon resuming the straightahead gaze (Supplementary Video 1 in the online-only Data Supplement). The spontaneous right-beating nystagmus increased after horizontal head-shaking, when applying vibration stimuli to either mastoid process or the forehead, and after hyperventilation. Saccades were hypermetric to the left. 
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Horizontal and vertical smooth pursuits were impaired in both directions. Bedside HIT findings were positive in both horizontal directions, but more so to the left (Supplementary Video 2 in the online-only Data Supplement).
The patient also showed a left-side caloric paresis of 74% (Fig. 5A ) and complete hearing loss in the left ear (Fig. 5B) . No BAEP, cervical VEMP, or ocular VEMP could be detected when stimulating the left ear ( Fig. 5C and D) . Recording of HITs using a magnetic search coil system documented that the VOR gain was decreased for all six SCCs (Fig. 5E ). MRI disclosed a large tumor (3.4×3.2 cm) in the left CPA compressing the cerebellum and brainstem (Fig. 5F ), which was confirmed as a schwannoma after resection.
DISCUSSION
The patients in this study with audiovestibulopathy due to unilateral CPA tumors frequently showed abnormal HITs in both directions, especially when the tumors were large enough to compress the cerebellum and brainstem. Furthermore, the head impulse VOR gain was inversely correlated with the tumor size. Large CPA tumors compressing the cerebellum mostly manifest as chronic unilateral audiovestibulopathy and cerebellar dysfunction including GEN, dysmetria, and imbalance. Our patients showed typical findings of unilateral audiovestibulopathy, which comprised hearing loss, caloric paresis, abnormal head impulse, and absent BAEP, cervical VEMPs, and ocular VEMPs. However, abnormal HITs to the contralesional side were an unexpected finding.
The abnormal HITs to the contralesional side in our pa- 
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tients with a unilateral CPA tumor may be explained by compression of the cerebellum or the brainstem by the tumor and resultant dysfunction of the cerebellar flocculus or vestibular nucleus. Indeed, recent studies have documented decreased head impulse VOR gains in both directions in patients with a unilateral lesion restricted to the flocculus or the vestibular nucleus. 23, 24 The flocculus is involved in the modulation of the VOR. A previously reported patient with an isolated unilateral floccular infarction showed increased horizontal VOR gains during a low-frequency rotatory chair test, but bilaterally decreased VOR gains during horizontal HITs. 24 Thus, the flocculus appears to suppress the horizontal VOR during low-frequency stimulation while enhancing it during high-frequency stimulation. This differential modulation of the VOR according to stimulation frequency may contribute to extending the upper range of velocities and accelerations of the head to which the VOR can accurately respond, despite the presence of inhibitory saturation due to Ewald's second law. 25 Indeed, bilateral flocculectomy in monkeys increased the VOR gain for low-frequency stimulation, but decreased the gain during high-frequency stimulation. 26, 27 Since the floccular projections to the vestibular nuclei are known to be ipsilateral, 28 the abnormal HIT findings in the contralesional direction may be explained by reciprocal interneuron connections between the vestibular nuclei, 29 connections via the inhibitory and excitatory floccular target neurons in the ipsilesional vestibular nucleus, 30 or an adaptive action of the contralateral flocculus.
Previously reported patients with isolated vestibular nuclear infarction also showed reduced VOR gains during HITs in both directions, but these reductions were greater for the lesion side. 23, 24 The decreased head impulse VOR gains for the contralesional SCCs in such patients may be an adaptive mechanism, probably involving the inhibitory interneurons within the vestibular nuclei. 23 The symptoms and signs of both the cerebellar dysfunction and bilateral vestibulopathy observed in our index case (patient 1) were similar to those observed in patients with the cerebellar ataxia with bilateral vestibulopathy (CABA) syndrome 31 or cerebellar ataxia, neuropathy, and vestibular areflexia syndrome (CANVAS). 32 However, the markedly asymmetrical nature of the audiovestibular dysfunction documented in laboratory tests contrast with those that are typically observed in CABA syndrome or CANVAS.
Since the medial vestibular nucleus and flocculus constitute the neural integrator for horizontal eye motion, dysfunction of these structures would give rise to GEN. Especially, Bruns' nystagmus refers to the combination of vestibular nystagmus with a constant slow phase velocity during contralateral gaze and GEN with a decreasing slow-phase velocity during ipsilateral gaze, and this has been considered a pathognomonic sign of a large CPA tumor compressing the cerebellum. 33, 34 Indeed, 39% of our patients showed GEN or Bruns' nystagmus, but only in those with bilaterally abnormal HIT findings. This also supports dysfunction of the flocculus or the vestibular nucleus as a mechanism underlying the abnormal HIT findings in the contralesional direction in our patients with large CPA tumors. Thus, along with GEN or Bruns' nystagmus, bilaterally abnormal HIT findings should be considered a sign of a large CPA tumor compressing the cerebellum and brainstem.
The increasing rate of detecting small vestibular schwan- 
nomas and the improving understanding of the natural course of this tumor has resulted in conservative treatment being the main strategy for managing small-to-medium-sized vestibular schwannomas. 35 This conservative management strategy necessitates the close monitoring of symptoms and tumor growth. 36 The determination of tumor growth has mostly depended on brain imaging, since the tests that were previously adopted for evaluating audiovestibular function were found to be of limited use for monitoring the growth of a vestibular schwannoma. 37, 38 In contrast, the head impulse VOR gains, both the ipsilesional and contralesional ones, were strongly correlated with the size of CPA tumors in -10  0  10  20  30  40  50  60  70  80  90  100  110  120   -10  0  10  20  30  40  50  60  70  80  90  100  110 Serial studies of the correlation between the head impulse VOR gain and tumor growth in individual patients will further elucidate the role of HITs in monitoring CPA tumors. We used a magnetic search coil technique to perform the HITs in this study, but employing a video-based system would enhance the applicability of HITs without reducing the diagnostic accuracy given the recent developments in videobased equipment. 39 In conclusion, patients with a unilateral CPA tumor may show abnormal HIT findings on both the contralesional and ipsilesional sides, and bilaterally abnormal HIT findings indicate the presence of a large unilateral CPA tumor compressing the cerebellum and brainstem. Abnormal HIT findings on the contralesional side may be explained by dysfunction of the flocculus or the vestibular nucleus due to compression by the tumor. HIT findings may be a useful biologic marker for the size of unilateral CPA tumors, and hence also for following up patients with these tumors.
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